This study was undertaken to examine whether there were sex-associated differences in the action of insulin on glucose metabolism in adipocytes. Insulin binding and the dose-response curves for glucose transport (assessed by measuring the cellassociated radioactivity after 15-s incubation with 50 ;&M 16-'4Clglucose) and [U-'4Cjglucose (5 mM) metabolism into CO2 and lipids were compared in retroperitoneal adipocytes from age-matched (84 d) male and female rats. In addition, the activity of fatty acid synthetase, one of the key lipogenic enzymes, was determined. Fat cell size was not significantly larger in females than in males (0.238 vs. 0.209 jig lipid per cell). At insulin concentrations < 1.6 nM, adipocytes from females bound significantly more insulin than did adipocytes from males, due to an increased apparent affinity of the receptors for insulin. Accordingly, the sensitivity of glucose transport to insulin was greater in females than in males: insulin concentration eliciting half-maximal stimulation (ED50) = 0.19 nM vs. 0.41 nM. At maximal insulin stimulation the rates of glucose transport (12 times the basal values) were similar in the two sexes. In contrast, the maximal effect of insulin on glucose conversion to CO2 plus lipids was much greater in the adipocytes from females than males (increment over basal: 472 vs. 249 nmol/106 cells per 2 h). Fatty acid synthesis contributed -40% of the incremental difference between the two types of adipocytes, while glyceride-glycerol synthesis contributed <10%. The insulin dose-response curves for adipocytes from females were shifted to the left for all the metabolic pathways investigated. The mean ED50 for total glucose metabolism in females was 50% of that in males (0.07 nM vs. 0.15 nM). Marked sex-associated differences in the action of insulin on glucose metabolism were also observed in subcutaneous inguinal adipocytes (increment over basal: 137 and 56 nmol/106 cells per 2 h, ED50 = 0.13 nM and 0.30 nM in females and males, respectively). The intracellular capacity to metabolize glucose through the fatty acid synthesis pathway, as assessed by FAS activity, was higher in adipocytes from females than in those from males and was greater in retroperitoneal than in i guinal adipocytes. Furthermore, by plotting the individual data, a highly significant correlation (r = 0.92, P < 0.001) was found between the absolute effect of insulin on glucose metabolism at maximal stimulation and the fatty acid synthetase activity of the cells.
CO2 and lipids were compared in retroperitoneal adipocytes from age-matched (84 d) male and female rats. In addition, the activity of fatty acid synthetase, one of the key lipogenic enzymes, was determined. Fat cell size was not significantly larger in females than in males (0.238 vs. 0.209 jig lipid per cell). At insulin concentrations < 1.6 nM, adipocytes from females bound significantly more insulin than did adipocytes from males, due to an increased apparent affinity of the receptors for insulin. Accordingly, the sensitivity of glucose transport to insulin was greater in females than in males: insulin concentration eliciting half-maximal stimulation (ED50) = 0.19 nM vs. 0.41 nM. At maximal insulin stimulation the rates of glucose transport (12 times the basal values) were similar in the two sexes. In contrast, the maximal effect of insulin on glucose conversion to CO2 plus lipids was much greater in the adipocytes from females than males (increment over basal: 472 vs. 249 nmol/106 cells per 2 h). Fatty acid synthesis contributed -40% of the incremental difference between the two types of adipocytes, while glyceride-glycerol synthesis contributed <10%. The insulin dose-response curves for adipocytes from females were shifted to the left for all the metabolic pathways investigated. The mean ED50 for total glucose metabolism in females was 50% of that in males (0.07 nM vs. 0.15 nM). Marked sex-associated differences in the action of insulin on glucose metabolism were also observed in subcutaneous inguinal adipocytes (increment over basal: 137 and 56 nmol/106 cells per 2 h, ED50 = 0.13 nM and 0.30 nM in females and males, respectively). The intracellular capacity to metabolize glucose through the fatty acid synthesis pathway, as assessed by FAS activity, was higher in adipocytes from females than in those from males and was greater in retroperitoneal than in i guinal adipocytes. Furthermore, by plotting the individual data, a highly significant correlation (r = 0.92,
Introduction
The regulation of glucose metabolism by insulin in adipocytes from male rats has been the subject of numerous studies. In contrast, glucose metabolism in adipocytes from female rats has been poorly documented. Moreover, there is some discrepancy among the few papers dealing with this issue, as female adipocytes were reported to be either very responsive (1) (2) (3) or poorly responsive (4) (5) (6) to insulin and to display a maximal response either within the physiological concentration range of the hormone (1) (2) (3) or at much higher concentrations (7). We have recently shown that gonadal adipocytes from female rats (paraovarian) are as exquisitely responsive to insulin as gonadal adipocytes from age-matched male rats (epididymal) (8) . In addition, paraovarian fat cells exhibit a significantly greater sensitivity to insulin than epididymal fat cells at the levels of both glucose transport and glucose metabolism. These findings, obtained from fat depots that were not exactly alike in males and females, do not allow us to ascertain the presence of sex differences in insulin's action on adipocytes. Nevertheless, they suggest that insulin's ability to stimulate glucose metabolism might be enhanced in adipocytes from female as compared with male rats. The presence of sex-associated differences in the effects of insulin on adipocytes might have physiological relevance to the differing tendencies in males and females to gain body fat. This has been shown extensively in humans where young adult females have -15-30% body fat and males have only 10-20%, with the divergence between sexes developing mostly after puberty (9) . Sex differences in body fat, although much less striking, have been reported also in rat where, after weaning, females have been shown to deposit more fat than males for the same increase in body weight (10) .
Those observations prompted us to investigate the response of glucose metabolism to insulin in adipocytes from female rats and in adipocytes from male rats, compared site-to-site. We were careful to examine several adipose tissue locations, since it has been clearly established that there are large regional differences in glucose metabolism and its response to insulin in male rats ( 11) . As age has also been shown to play a major role in the magnitude of the response to insulin in epididymal adipocytes (12) (13) (14) , this comparison was carried out in male and female rats carefully matched for age. The data to be presented support the view that adipocytes from females are both more responsive and more sensitive to insulin than adipocytes from male rats, regardless of the anatomical location of the adipose tissue. Furthermore, they indicate that sexrelated alterations in insulin's ability to stimulate glucose metabolism in adipocytes are a consequence of changes localized to the levels of both insulin binding and postreceptor lipogenic capacity.
Methods
Animals. Age-matched male and female Wistar rats were obtained from Centre d'Elevage Robert Janvier (Le Genest, France) at the age of 45±2 d. They were housed at 22-230C on a fixed 12-h light (7:00 a.m. to 7:00 p.m.)/ 12-h dark cycle and fed stock diet (Usine d'Alimentation Rationnelle, Epinay, France) containing, by weight, 23% casein, 37% dextrose, 26% starch, 2% vitamin mixture, 6% fat, and 6% cellulose. Rats were used at 84±2 d.
Preparation of isolated adipocytes. In each experiment, 2-3 female rats and 1-2 male rats closely matched in age were used. They were killed between 9 a.m. and 10 a.m. by cervical dislocation. The two retroperitoneal fat pads, and in some experiments, the two subcutaneous fat pads in the inguinal region, were removed and weighed. The tissues from animals of the same group were pooled before being minced with scissors. Isolated adipocytes then were prepared by digesting the tissue in Krebs-Ringer-bicarbonate buffer, pH 7.4, containing 3% bovine serum albumin (Sigma Chemical Co., St. Louis, MO), 5 mM glucose, half the recommended Ca2+ concentration, and 1 mg/ml of collagenase (Boehringer Mannheim Diagnostics, Inc., Houston, TX), as described by Rodbell (15) . After 1 h at 370C, the cells were filtered through a 190--gm nylon screen, washed 3 times in the appropriate collagenase-free buffer by allowing the cells to float, and then resuspended in the same buffer. Mean fat cell diameter was measured using a photomicrographic method as previously described (16).
Glucose metabolism studies. The major pathways of glucose metabolism in adipocytes (i.e., incorporation into CO2, glyceride-fatty acids, and glyceride-glycerol) were studied as previously described (17 between the two sexes (not shown). Male rats steadily gained weight, whereas the growth rate of female rats slowed after 65 d of age. These observations point out the lack of precision of weight in characterizing adult female rats. As shown in Table   I , the male rats used were 80 g heavier than the female rats at 3 mo of age. Adipose tissue weights and fat cell size are shown in Table  I . Along with their larger body weight, male rats had larger adipose tissue depots than females, so that the ratios of tissue weight to body weight were nearly identical in the two groups.
In contrast to fat pad weights, fat cell sizes were not statistically different in females and males at this age. This implies that there were fewer fat cells in females than in males in both the inguinal and retroperitoneal sites. Table I further shows that 3-mo-old female rats presented regional differences in fat cell size that were strikingly similar to those observed in agematched male rats, with retroperitoneal fat cells -2.8-fold larger than subcutaneous inguinal fat cells (P < 0.01).
The insulin dose response curves for D[U-`4C]glucose metabolism in retroperitoneal adipocytes from female and male rats are illustrated in Fig. 1 Substantial differences in absolute effects (increment above basal values) existed between the two sexes at all the insulin concentrations tested (Fig. 2 ). In the low concentration range of insulin (<0.18 nM), the adipocytes from female rats responded by an increment in total glucose metabolism neatly fourfold higher than that of male adipocytes; the increment in females was still twice that in males at maximal insulin stimulation. Fatty acid synthesis contributed -40% of the incremental differences between the two types of adipocytes, while glycerol synthesis contributed <10%.
Scrutiny of the dose response curves illustrated in Fig. 1 strongly suggested that the curves obtained with adipocytes from female rats were left-shifted compared with those obtained with adipocytes from male rats. This was better shown by plotting the data as percentages of the maximal effect observed at 2.5 nM insulin as shown in Fig. 3 for total glucose metabolism. The curves for adipocytes from female rats were shifted to the left for all the metabolic pathways investigated, indicating a higher sensitivity to insulin as compared with adipocytes from male rats (data not shown). The degree of left-shift was assessed by the difference in the dose of insulin experiment, the inguinal adipose tissues from two male and three female rats were pooled. The inguinal adipose tissues were removed from the rats used in the experiments described in Fig. 1 . Fat cells were incubated as described in the legend of Fig. 1 . These data were obtained at 370C, the temperature at which part of the cell-associated radioactivity may represent internalized insulin. Therefore, an additional series of four experiments was performed at 16'C, the temperature at which internalization of insulin is partially inhibited (24, 25). The data obtained at 16C (not shown) confirmed our observations at 370C, indicating that the difference in the cell-associated insulin between the two sexes reflected primarily a difference in the insulin binding to the cell surface. The data from the binding studies at 370C have been plotted according to Scatchard's analysis (26) . It has been pointed out that the Scatchard analysis only approximates the number and affinity of insulin binding sites (27, 28 76 ,000 per cell in males). Fig. 5 and Fig. 1 clearly show that the maximal insulin effect on glucose metabolism was elicited by a receptor occupancy of <10% in adipocytes from both sexes. These sex-associated changes in insulin binding agree with the finding that glucose metabolism is more sensitive to insulin in adipocytes from female rats than from male rats. However, they do not account for the differences seen in the responsiveness of glucose metabolism to supramaximal concentrations of insulin. Therefore, postreceptor differences between the two sexes must be postulated. We investigated the possibility that changes could be located at the level of glucose transport. The rate of glucose transport was assessed in retroperitoneal adipocytes by measuring the cell-associated radioactivity after incubation with 50 ,M [6'4C]glucose during 15 s. The data in Fig. 6 A show that basal and maximal insulin-stimulated glucose transport rates were identical in adipocytes from the two sexes with insulin stimulating the rates about 12-fold in both. Consistent with the increased insulin binding found in the adipocytes from female rats at low insulin concentrations, a greater insulin sensitivity of glucose transport was clearly demonstrated in females by expressing the dose-response curve data as percentages of the maximal insulin stimulation (Fig. 6 B) . The mean ED50 of insulin for glucose transport, calculated from the individual dose response curves, was 50% lower in female than in male rats (0.19±0.008 nM vs. 0.41±0.088 nM; P < 0.05). The mean ED50 of insulin for glucose transport was higher than the ED50 of insulin for glucose metabolism in both sexes.
The finding of the same glucose transport rates in adipocytes from male and female rats at maximal insulin stimulation strongly suggested that the demonstrated differences in insulin responsiveness of glucose metabolism between sexes were attributable to changes located beyond the glucose transport step. Since fatty acid synthesis represented a large proportion of the incremental difference in glucose metabolism between the adipocytes from female and male rats, we postulated that an increase in the activity of fatty acid synthetase, which has been shown to be a rate-limiting enzyme for overall lipogenesis under certain metabolic conditions (29), might explain the enhancement of the effect of insulin in female adipocytes. Therefore, fatty acid synthetase activity was measured in homogenates of adipocytes from the same cell suspensions as those used in the metabolic studies. We found that the adipocytes from female rats showed a higher enzyme activity than those from males in both the retroperitoneal and inguinal adipose tissue sites (Table II) . In addition, this enzyme activity was lower in subcutaneous than in retroperitoneal adipocytes The enzyme activity was measured in the cells used for the experiments described in Fig. I and Fig. 4 Fig. 1 and Fig. 4 . r = 0.92; P < 0.001. metabolism, we further documented the effect of sex at the levels of insulin binding and glucose transport. The study, carried out in retroperitoneal fat cells, showed that insulin binding is increased in the adipocytes from female as compared with male rats but only at submaximal insulin concentrations, as the result of a greater apparent affinity of the receptors for insulin. The functional consequences of this change in insulin binding were examined at the level of glucose transport, a response proximal to hormone binding. As expected, adipocytes from female rats exhibited a greater sensitivity to insulin than did adipocytes from male rats, as manifested by a left-shift in the dose-response curve and an increased response at submaximal insulin concentration in the presence of a similar response at maximal insulin concentrations. The finding of the same insulin-induced increase in glucose transport rates in females and males implies, according to the concept developed by Cushman and Wardzala (30) and Suzuki and Kono (31) , that the number of glucose transport systems translocated from the intracellular pool to the plasma membrane is identical in the two groups. This further suggests that sex might not affect the size of the intracellular pool of glucose transporters since it has been shown recently that the magnitude of the translocation in response to insulin is modulated by the size of this pool (32, 33) .
These results indicate that the enhancement of the rates of glucose metabolism at high concentrations of insulin and glucose reflects a change located beyond the glucose transport step. This was also inferred from the well documented observation (34) that at physiological glucose concentration (5 mM), as used here, transport cannot be considered rate-limiting for metabolism in cells maximally stimulated by insulin. A very close association between the responsiveness of glucose metabolism to insulin and de novo fatty acid synthesis activity has been observed previously in adipocytes under various conditions such as feeding a high-fat diet (13, 17, 35), aging (13, 36), and variations in the anatomic adipose tissue sites (1 1). The use of specific inhibitors of fatty acid synthetase, which decreased the ability of fat cells to increase overall glucose utilization in the presence of insulin, has underlined the importance of this enzyme in the modulation of insulin action (37) . The present finding that fatty acid synthetase activity is significantly higher in adipocytes from females than in adipocytes from males in both the inguinal and the retroperitoneal depots supports this hypothesis. Moreover, a highly significant correlation is seen between the effect of insulin on glucose utilization and the activity of fatty acid synthetase, pointing to fatty acid synthetase as one of the postreceptor factors involved in regulating insulin action in adipocytes. Since changes in fatty acid synthetase activity are usually coordinated with changes in the activity of acetyl-CoA carboxylase (11, 38) , it is likely that a relationship would have been found as well between acetyl-CoA carboxylase activity and the insulin effect on glucose metabolism.
The factors responsible for those findings are a matter of speculation at present. It seems reasonable to postulate that sex hormones, which have been shown to influence adiposity (39), are involved. Recent studies by Flint et al. (40) strongly suggest that progesterone may be implicated in the increased insulin binding capacity of rat adipocytes during pregnancy. Our current studies on insulin action in adipocytes of sexually immature male and female rats should help clarify this point. The evolution with age of these sex-related differences also deserves further investigation.
Our data in the rat might be highly relevant to humans as suggested by two recent papers concerned with sex-associated differences in the effects of insulin on human adipocytes (41, 42) . In these studies in humans, only adipocytes from the subcutaneous depots could be examined. Pedersen et al. (41) , reporting on gluteal adipocytes from male and female subjects -25 yr old, with normal body weight, showed that adipocytes from females were larger and bound more insulin per cell at tracer insulin concentrations, than adipocytes from males. Basal and insulin-stimulated 3-0-methyl-glucose transport and glucose metabolism per cell were also higher in females than in males. When these results were normalized to cell surface area, the rates of glucose transport were similar in the two sexes, whereas glucose conversion to both CO2 and lipids remained significantly higher in the adipocytes from females. The data obtained by Pedersen et al. (41) clearly showed that the absolute effect of insulin (increment over basal) was much higher in females than in males for glucose conversion to both CO2 (threefold higher) and lipids (twofold higher) over the entire range of insulin concentrations. These results fully agree with our observations in rats. However, in contrast to our finding in rats, the sensitivity to insulin was not increased in adipocytes from female human subjects despite the observed higher insulin binding.
Foley et al. (42) , reporting on glucose transport in abdominal adipocytes from male and female subjects -27 yr old with various degrees of obesity, also showed that the adipocytes from females were larger than those from males. In addition, and in perfect agreement with the observations of Pedersen et al. (41) , basal and maximal insulin-stimulated glucose transport per cell were higher in the adipocytes from females than males, but were similar in the two sexes when expressed per surface area. Interestingly, Foley et al. (42) observed a greater sensitivity of glucose transport to insulin in adipocytes from women than from men.
The findings of an increase in the sensitivity and the responsiveness of glucose metabolism to insulin in adipocytes from female rats could have important implications for the intact organism, since these sex-related differences occur at low, physiologically relevant concentrations of insulin. Thus, a double mechanism would enable the adipose tissue in the two sexes to be differentially responsive to circulating insulin concentrations. However, the functional role of these observations has yet to be evaluated. If the elevated rates of lipogenesis in adipocytes from females were also to occur in vivo, they could ultimately lead to larger fat cell size. This remains to be documented in older rats since we did not observe any difference in fat cell size between the two sexes in the 3-mo-old rats used here. In relevance to our data, it has been observed that female rats are more susceptible than male rats to the fattening effect of western type diets, such as highfat and supermarket diets (10, 43, 44) . Further studies are needed to determine whether the sex-associated differences in the lipogenic effect of insulin on adipocytes described here are involved in the differential disposition of the two sexes to gain body fat.
